Abstract. Adjuvants have been used to improve pesticide application efficiency and effectiveness for many years. However, knowledge on quantitative reactions of adjuvant-amended pesticide droplets on foliage is lacking. Evaporation rate and wetted area of 500 µm droplets with four different adjuvants on waxy and hairy leaves were measured inside an environment-controlled chamber. The adjuvants included Crop Oil Concentrate (COC), Modified Seed Oil (MSO), Nonionic Surfactant (NIS), and Oil Surfactant Blend (OSB). Droplet evaporation rate and spread on either waxy or hairy leaves varied greatly with the type of adjuvants. On waxy leaves, droplets containing COC had significantly smaller wetted area than those containing MSO, NIS or OSB while the evaporation rate was opposite. On hairy leaves, droplets containing COC remained on top of hairs and did not reach the epidermal surface of leaves. When the relative concentration was 1.50, the wetted area of droplets with NIS was 9.2 times lower than that with MSO and 6.1 times lower than that with OSB. The wetted area increased as the concentration increased. Droplets with MSO or OSB spread extensively on the hairy leaf surface until they dried completely. Results of this study demonstrated that addition of MSO, NIS or OSB into spray mixtures with proper concentrations improved homogeneity of spray coverage on both waxy and hairy leaf surfaces, leading to pesticide reduction strategies.
Introduction
Generally the exterior of all groups of foliar plants tend to be the same in that the leaves are enclosed with a thin cuticular membrane where the primary function is to protect the plant from any and all environmental hazards (Guhling et al., 2005; Wang and Liu, 2007; Koch and Ensikat, 2008) . This includes hazards that range from the decimating impact of insects, pathogens and dust, to the evaporation of water from the plant surfaces (Bradley et al., 2003; Brewer et al, 1991; Guhling et al., 2005; Holloway, 1993) . The morphological discrepancy that exists between the surface of the leaf and its structures classifies the plant under two specific categories: easy-to-wet and difficult-to-wet. The mechanisms that help to classify the leaf and its overall structure are the cuticular membrane (also known as the cuticle), and other more well known components such as waxes, veins, stomata, and trichomes, all of which are critical to helping in the classification of the plant when dealing with the ability to collect water and other liquids (Beattie and Marcell, 2002; Bhushan and Jung, 2008; Sherrick et al., 1986) . It goes without saying that with the difficult-to-wet plants the spray droplets of any insecticide application cannot be successfully captured and retained, because of the problem of rebounding droplets. These are droplets that often scatter or roll off the plant after they come into contact with the surface of the plant. Nevertheless not all droplets meet the fate of rebounding off the leaf, some droplets do remain on the difficult-to-wet surfaces; however, they ultimately form high contact angles and provide minimal interface between the retained droplet and plant surface. Consequently this causes minimal application efficiency with increased spray usage (Bhushan and Jung, 2008; Kirkwood, 1999; Knoche et al, 2000; Koch and Ensikat, 2008) .
Difficult-to-wet plants often have waxy and hairy surfaces that generally have a high water repellent property (Brewer et al, 1991; Guhling et al,, 2005; Holloway, 1993) . Many of the waxy plants are covered by epicuticular waxes on the cuticle (Kirkwood, 1993 and 1999) . These epicuticular waxes come in three distinct forms: crystalline, amorphous, and intermediate (Hess and Foy, 2000) . The leaves that contain the crystalline waxes often tend to be the more hydrophobic and more difficult to obtain a good wetting of the leaf surface when an aqueous spray solution is applied (Kirkwood, 1999) . It has also been discovered that the plants with trichomes leaves have been reported to be more water repellent than the plant leaves without trichomes, especially where trichome density is above 25 mm -2 (Brewer et al, 1991) . This particular finding is based on the evaluation of 38 species of plants from a total of 21families with the average trichomes length of 0.32-0.60 mm. The problem with trichomes is that they hold water droplets high above the leaf epidermis; this leads to believe that there is a high rate of water repulsion and trichomes density. Also, the droplet retention of the plant is relatively low.
In order for either insecticides, or herbicides to be effective in any application, they must remain on the leaf instead of beading up and rolling off the plant. The way the application process works is the applied solution (this includes water) must pass through the leaf hairs and waxes on the leaf surface and finally penetrate into the leaf tissue through the cell walls, cell membranes and stomata (Tu et al., 2001; DiTomaso, 1999) . The wettability of the leaf surface can be considered as an important factor in the process of deposition, retention and spreading of insecticide droplets on the plant surface, as well as the penetration of insecticide into that surface through the plant tissue. This is essential to increasing the overall efficiency of insect and disease control in the fields of agriculture and forestry (Bhushan and Jung, 2008; Gaskin et al., 2000; Hess and Foy, 2000; Liu, 2004) . Substances dubbed "Adjuvants" are usually used to alter spray formulations to enhance the deposition, retention, spread, penetration and uptake of the spray droplets (Hess and Foy, 2000; Kudsk and Mathiassen, 2007; Ramsey et al., 2005 and 2006) . Adjuvants facilitate a better absorption rate of insecticides and herbicides into the plant by keeping the spray droplets in an aqueous solution for longer periods of time on the leaf surface. In other words, the adjuvants act as humectants, they prevent the spray droplets from drying too quickly; thus, enhancing the intake of pesticide active ingredients in droplets through the stomata and cuticular membrane. Some have theorized that it is dynamic surface tension rather than equilibrium surface tension that is the key factor in the retention of spray droplets with the added adjuvants; on the contrary, research showed that the adjuvants had very little effect on spray retention for more wettable plants (Kirkwood, 1993 and 1999 ).
Surfactants have a major effect on the surface tension of spray droplets when droplets are formed at the air-liquid interface and the contact angle at the liquid-plant interface after droplets are deposited on plants. As a result, surfactants are used widely with the application of insecticides (Kirkwood, 1993 and 1999) . Oil-based adjuvants help promote the penetration of chemicals through the plant's waxy cuticle. There are three types of oil-based adjuvants: crop oils, crop oil concentrates, and seed oil concentrates. Data has also shown that nitrogen-based fertilizers can enhance the general activity of the chemicals (Hess and Foy, 2000; Liu, 2004; Wang and Liu, 2007) . Adjuvants which function as an activator may be summarized as follows: (a) there is an increase in the spread and solubilization of droplets deposited on targets; (b) dissolving or disruption of the epicuticular waxes; (c) prevention or delay of crystal formation in the deposits and a apparent drying by humectant action; and (d) promotion of stomatal infiltration (Hess and Foy, 2000; Kirkwood, 1993 and 1994; Knoche and Bukovac, 2004; Kudsk and Mathiassen, 2007; Liu, 2004; Sherrick et al., 1986) .
It has been found that the concentration of adjuvants can influence the efficacy of the chemical application. There exists a linear relationship between the retention and the log of surfactant concentration for the plant with the crystalline waxes (De Ruiter et al., 1990) . Increasing surfactant concentration from 0.01 to 1% would enhance the overall foliar uptake of pesticides (Wang and Liu, 2007) . However, for certain surfactants, when a high concentration is applied a negative effect on pesticide uptake is produced. There were different threshold concentrations of the surfactant Mono 0818 at the uptake peak for both bean and wheat crops (Liu, 2004) . Although adjuvants are typically considered inert negative compounds occurred on the physiological and metabolic processes within the plants; phytotoxic effects in some sensitive plants were found at surfactant concentrations greater than 0.1% (Tu et al., 2001 ).
For the difficult-to-wet plants, only a small amount of agrochemical droplets can remain on the leaf surface. This problem is mostly due to off-target misses, rolling off the leaf and rebounding of droplets. It is important to understand how the droplets remaining on the leaf surface interact with the plant surface. Increasing the lifetimes of spray droplets on leaves increases the absorption and uptake of active ingredients. Also, longer lifetimes can prevent ingredients from forming crystals. Once droplets completely evaporate, leaves may stop absorbing chemicals, and chemical residues may be formed as large crystals if the droplets do not spread out evenly on leaves. Crystals may be suspended and removed from their target site by wind further reducing chemical effectiveness. Therefore, information on the evaporation time and spreading area of pesticide droplets on plant leaf surfaces can assist pesticide formulators to develop better products that can maximize uptake by leaves. Investigations took place in our laboratory dealing with the evaporation and coverage area of pesticide droplets with a commonly used surfactant at one concentration on a hydrophobic and hydrophilic glass slide, as well on waxy and hairy leaves under controlled environmental conditions (Pierce et al., 2008; Yu et al., 2009a and 2009b) . What was discovered was that the dynamics of the evaporation process and the deposit formations of pesticidal droplets on waxy and hairy leaf surfaces were mainly influenced by three separate components: spray formulation, droplet size, and relative humidity. The variable conditions in the study included one surfactant, alkyl polyoxyethylene, in which the droplet size ranged from 246 to 886 µm as the relative humidity was changed from 30 to 90%.
The objective of this research was to determine the fate of water droplets amended with different classes of adjuvants at various concentrations on plant leaves. This includes the evaporation time, the wetted area and spread processes of the droplets after the deposition on waxy and hairy leaves of two different plant varieties using four representative types of adjuvants placed at five different concentrations.
Materials and methods

Plants
A plant with waxy leaves and another plant with hairy leaves were selected from the Pelargonium collection of the Ornamental Plant Germplasm Centre (OPGC), Columbus, OH, USA. The waxy plant was Pelargonium Stenopetalum (OPGC accession number 566), and the hairy plant was Pelargonium tomentosum (OPGC accession number 521). Both plants were provided by the Ornamental Plant Germplasm Center (OPGC) of The Ohio State University at Columbus, OH, USA. The seedlings of both plants were transplanted into two separate 4 liter pots, and grown in a greenhouse at a controlled ambient temperature of 25 to 30ºC. Throughout the course of the experimentation process the plants were moved into a growth chamber with a volume of 2.3 m 3 , and were then exposed to the following environmental conditions: 360 µmol m -2 s -1 (14-h duration) light, 18/16 ºC (day/night) temperature and 80-85% relative humidity. Under a controlled timer, the plants were automatically watered for 15 minutes once a day. During the experiment the contact angle of the water droplet (500 µm diameter) on the intervenial area on the adaxial leaf surface of the plant was calculated to be 103º ( Figure 1a ). The mean trichomes length and mean density on hairy leaves was measured at 1.5 mm and 10 mm -2 . There was no contact angle for the water droplet on the hairy leaf because the droplet failed to reach the epidermal surface instead coming to rest on the canopy of trichomes (Figure 1b ).
Adjuvants
A total of four different types of adjuvants were used (Table 1) , including two oil-based adjuvants: Crop Oil Concentrate (COC) and Modified Seed Oil (MSO), a nonionic surfactant adjuvant (NIS), and a mixture of Oil Surfactant Blend (OSB). The adjuvants used were formulated by the WILBUR-ELLIS Company (San Francisco, CA, USA). Each adjuvant was mixed into five separate solutions with distilled water, which contained five different concentrations of each adjuvant (Table 1) . Relative concentration (RC) was applied in order to provide reasonable comparisons among the solutions. RC for the manufacturer-recommended concentration was 1.00. The RC varied from 0.25, 0.50, 1.00, and 1.50 to 2.00 for each adjuvant used; the surface tensions of the solutions also varied greatly and are reported with the RC in Table 1 . To measure the surface tension, a Semiautomatic Tensiometer was used (Model 21 Tensiomat®, Fisher Scientific, Park Lane, Pittsburgh, PA, USA). A control involving the use of wateronly droplets was also included in the experiments, in order to provide a base for comparison.
Experiments
The experimental system to investigate droplet evaporation and spread on different target surfaces consisted of a multitude of different apparatus: a droplet generating unit, a target holding chamber, a relative humidity control unit and an image acquisition unit ( Figure 2 ). The following is only a brief introduction of the system. A more detailed description of the unit was reported by Xu et al. (2009) .
The droplet generating unit produced a single droplet with an ability to adjust droplet size to a range from 200-2000 µm. The single droplet was released from a chamfered needle of the unit by pressing the trigger pedal. The diameter of adjuvant-amended water droplets that were used during the length of the test was 500 µm. The target holding chamber, also known as the environment-controlled chamber, was completely insulated from any of the ambient surroundings. The chamber was essentially a rectangular box with an internal capacity of 0.56 L. To obtain the desired position for droplet deposition, the target holding platform was capable of being adjusted to alternate, back and forth, left and right, on a horizontal plane. To regulate the relative humidity a control unit was employed. The unit regulated the humidity from 10 to 90% inside the target holding chamber.
The reaction of droplets on the leaf surface was obtained via pictures taken through an image acquisition unit including a stereoscope (Model SZX12, Olympus, Japan) with an Insight Firewire© attachment using a model SZX-TB1 (Olympus, Japan) high-definition digital camera. Assessment of the related parameter of the leaf surface and droplet measurement was acquired through the program Image Pro-Plus (version 4.1, Media Cybernetics, Bethesda, MD, USA). The image acquisition unit had the potential to record and save sequential images with the minimal interval time of 1 second, for the purposes of this experiment the interval time was raised to 4 seconds.
Before the experiment was properly conducted, the abaxial side of a freshly cut leaf (2 cm by 2 cm) was attached onto a glass plate using double-sided tape. For the experiment itself the leaf was tested in the environment-controlled chamber where a single 500 µm diameter droplet containing the adjuvant was deposited on the intervenial area of the adaxial surface.
The evaporation time ( T ) of the droplet on the leaf sample was calculated based upon the total number of sequential images starting from the first picture of droplet disposition to the final picture of the evaporation completion stage, as well as the interval time of each image. For example: the time t=0 s indicates the moment when the first photo of a droplet evaporation process was taken during a section of sequential images after droplet was landed on the leaf surface. The wetted area of a droplet is defined by the droplet spreading across the leaf surface to reach the maximal contact area between said droplet and the surface of the leaf. The wetted area of the leaf was then measured using the program ImageProPlus'126 Polygonal Hand-trace Feature (Version 4.1, Media Cybernetics, Bethesda, MD). The measurement of the wetted area was calibrated with a Zeiss 0.01 mm micrometer slide. The time to reach wetted area (T-WA) was defined as the length of time it took from deposition to the moment wetted area was reached. The T-WA was determined via the same method mentioned earlier, which was the length of time between the photos of first deposition and the first photo that featured any indication that the wetted area had been reached. This section is not available in html, see pdf for complete version.
Results and discussion
Wetted Area
The evaporation time (T) and the time to reach the wetted area (T-WA) of 500 µm droplets without, and with the adjuvants at different relative concentrations (RC) are presented in table 2, 3 and 4. On the waxy leaf, the wetted area of the droplets with the adjuvants increased from 36% (with COC at RC of 0.25) to 386% (with OSB at RC of 1.50), which was a great improvement over the water-only droplets. Also, the water-only droplets didn't spread on the waxy leaf surfaces, instead they maintained a contact angle of 103º with the wetted area measuring only 0.14 mm 2 (Table 2) . It was only when an adjuvant was added to the water droplets that the spread ability of the droplets was significantly improved. With the adjuvants the wetted area increased by 36% (with COC), 229% (MSO), 221% (NIS) and 143% (OSB) at the lowest RC of 0.25. The greatest wetted area was recorded at 0.30 mm 2 (with COC), 0.60 mm 2 (MSO), 0.57 mm 2 (NIS) and 0.68 mm 2 (OSB) with the corresponding RC's of 1.50, 1.50, 1.00 and 1.50, respectively. Data in table 2 illustrates that the concentration of adjuvants had influence on the spread area of droplets, if ever so slightly. The differences among the five different RCs in the wetted area were: 40% (with COC), 23% (MSO), 21% (NIS) and 50% (OSB), even though the RC increased seven times from 0.25 to 2.00. Through this data it can be concluded that the effect of adjuvants on spread ability present significant differences. The data also shows that the wetted area of the droplets with COC was obviously lower than with any other adjuvant; however, there was no obvious difference in the wetted area among the three adjuvants: MOS, NIS and OSB.
On the hairy leaf, the water-only droplets and the droplets with the added COC at any RC range (0.25-2.00) couldn't reach the epidermal surface, only standing on the trichomes (Figs. 1b and 3) . However, the droplets that contained MSO or OSB were able to reach the leaf surface and stick to the surface of the leaf. Also, on the hairy leaf there was an apparent difference in the droplet spread resulting from different adjuvants. As Figure 3a shows, the droplets with COC form a spherical shape, which ultimately ended up becoming trapped by the trichomes, even when the highest RC (2.00) was applied. Figure 3b shows that even when the droplet size ultimately decreased via evaporation, it remained trapped by the trichomes. The spreadability of the droplets with the added adjuvant NIS was quite poor when compared to MSO and OSB, which were 9.2 and 6.2 times greater than that of NIS at an RC of 1.50. The effect of the adjuvant concentration on the spread area of the droplets varied with the type of adjuvant used. The wetted area with NIS was no exception, as it varied slightly with the solution concentration.
Experiments also revealed that wetted area of droplets was affected by RC; higher the RC, the greater the wetted area. However, the wetted area would not increase with the RC increase once it reached peak value. The greatest wetted area was set at 0.71 mm 2 with an RC of 1.50. The overall difference in the wetted area among the five different RC values was only 23%. It was also found that the wetted area with the adjuvant MSO continuously increased from 1.65 mm 2 to the peak value of 6.52 mm 2 along with the RC which increased from a rate of 0.25 up to 1.50. However, when the RC was raised to 2.00, MSO failed to increase in value. Only through the addition of OSB into the water droplets the RC and wetted area did rise on a consistent and proportional level, even at an RC of 2.00. Tests showed that the wetted area increased by 738% with the RC rising from 0.25 to 2.00.
Each specific set of data dealing with the wetted area was compared between waxy and hairy leaves. In order to keep the tests accurate, each leaf was exposed to the same adjuvant concentration (excluding COC). The wetted area on hairy leaves was greater than that of the waxy leaves. For example, with MSO the wetted area on the hairy leaf was measured 3.6 (RC 0.25), 6.0 (RC 0.50), 9.2 (RC 1.00), 10.9 (RC 1.50), and 11.2 (RC 2.00) times greater than that on the waxy leaf. However, the wetted area with NIS on the hairy leaf was only measured at 1.2, 1.3, 1.1, 1.4 and 1.3 times greater than that on the waxy leaf at five different RCs. Figure 4 shows the wetted area with the other adjuvants (COC, MSO, NIS and OSB), at an RC of 1.50, on both waxy and hairy leaves. On the hairy leaf the wetted area with the adjuvants MSO and OSB was 6.52 and 4.35 mm 2 , far greater than the other adjuvants. The wetted areas droplets on the hairy leaves were 987% and 540% greater than those on the waxy leaf for MSO and OSB, respectively. However, the adjuvant NIS showed an increase in wetted area of only 45% greater on hairy leaf than on waxy leaf.
The results regarding the adjuvant concentration effects on the wetted area between the waxy and hairy leaves showed the same trend: wetted area consistently increased with the rising concentration of any adjuvant added to the solution. However, once a peak was reached, the wetted area failed to increase any higher regardless of increasing concentration of adjuvants. The wetted area was significantly increased with the rising RC for the hairy leaf: 295% at 1.5RC, 29% at 1.50RC, and 737% at 2.00 RC with MSO, NIS and OSB, respectively. This increase was not as significant with waxy leaves. The greatest wetted area among the five different RCs when compared with the wetted area for the same adjuvant at the RC of 0.25 increased to 58% at 1.50 RC for COC, 30% at 1.50 RC for MSO, 27% at 1.00 RC for NIS, and 100% at 1.50 RC for OSB. This relationship between the adjuvants MSO and OSB on both the waxy and hairy leaves is shown in figure 5 . Table 1 shows the surface tension of the solutions containing COC, MSO, NIS, and OSB at five different RCs (0.25, 0.50, 1.00, 1.50, and 2.00). Evidently the surface tension was a considerable factor in the spreading ability of the droplets, directly affecting the wetted area. The comparison on tables 1 and 2 demonstrated a phenomenon dealing with the relationship between wetted area and surface tension when dealing with similar adjuvants. While the surface tension remained at a low level, the wetted area remained at a higher level. This presented a relationship that the wetted area decreased as the surface tension increased. However, it must be kept it mind that the equilibrium surface tension was not the only index to use when assessing the droplet spreading ability. Spread performance was also affected by several other factors independent of surface tension. These factors include species of plant, leaf surface structure, type of adjuvant used and its concentration as reported in this study. For example, the surface tension of the water-only droplets was calculated to be 72.8 dynes/cm. However, when the adjuvant COC was added at an RC of 2.00, the surface tension dropped by 37 dynes/cm to reach a total of 35.8 dynes/cm, but the wetted area was not increased as great as the reduction rate of the surface tension. Also, the 500 µm droplets with COC even could not penetrate the trichomes on the hairy leafto reach the leaf epidermis.
Data in
Evaporation Time
For the waxy leaf, the evaporation times of the droplets with COC and water-only were nearly the same, but they were longer than that of the other adjuvants (MSO, NIS and OSB) at any concentration (Table 3) . The longest evaporation times among five different RC rates were 259, 200, 187 and 189s, for COC, MSO, NIS and OSB, respectively. There were no significant differences (P>0.95) in the evaporation time for the adjuvants MSO, NIS and OSB. The concentration effect on the evaporation time was noticeable, but not significant. The differences in the evaporation time with the variable RC range of 0.25-2.00 were only 16% for COC, 10% for MSO, 6% for NIS, and 21% for OSB. It was understandable that when dealing with similar droplet sizes on a similar substrate surfaces the greater the wetted area was the shorter the evaporation time should be. The evaporation time appeared an upward trend along with the RC following in the same manner for the adjuvants COC and OSB, along with slight increases in wetted area. Droplets with COC and OSB at a higher concentration were likely to have more ability to resist the droplet drying.
For the hairy leaf, the longest evaporation time resulting from the five RCs was 98, 146 and 130 s for adjuvants MSO, NIS and OSB, respectively. The differences in the evaporation time among the five RCs were 49, 15 and 55%. The evaporation time with NIS was higher than that of MSO or OSB, because the droplets with NIS had a lower spread area. Although the evaporation time with MSO or OSB tended to decrease when the RC was rising, wetted areas showed rapid increases.
In general, spread of droplets to a wider area on target plant surfaces generally leads to improved uptake rates of pesticide active ingredients by the target plants. At the same time, extending the period when droplets retain their liquid form is also desirable for the penetration of the leaf tissue by the active ingredient. Since these two desirable phenomena work against each other, to alleviate this unintended contradiction and to be able to compare effectiveness of different adjuvants based on these two criteria (wetted area and evaporation rate), the reaction of the spray droplets by combining the wetted area with the evaporation time as the integrated index ? is introduced and reported in Table 4 . The ? values (42-79 s·mm 2 ) with COC on the waxy leaf was clearly lower than those of any other adjuvant on the waxy or hairy leaves. For NIS, the ? values were 79-106 s·mm 2 on the waxy leaf, but was closer to 77-90 s·mm 2 on the hairy leaf. For the MSO or OSB adjuvant, the ? value was a slightly higher than the NIS on the waxy leaf. However, when it came to the hairy leaf the value was much higher than that with NIS. The highest ? value was 324 s·mm 2 with MSO at the RC 2.00, with OSB following at 303 s·mm 2 with the RC range of 2.00. The ? for the droplet on the hairy leaf was 7.7 times larger when MSO was used at the RC of 2.00 than with COC with an RC of 0.50 on the waxy leaf.
Spread process
In calculating the spread process of the droplets on waxy and hairy leaves, the time to reach wetted area (T-WA) and the lifetime of the droplet in aqueous solution after the droplet deposition on the leaf surface, were used to characterize the spread process of the droplets (Table 3 ). There were a total of three typical cases of spread process that took place on the leaf surface. One such case was that the droplets didn't spread at all, or finished the spread process in less than 4s after deposition (the interval time of sequential images was set at 4s). As a result, the T-WA value was recorded as zero in the table. For example, the wetted area of a droplet in an aqueous solution containing COC, set at the RC of 1.00, on a waxy leaf surface did not change from the first picture to the last picture during a string of sequential images (Fig.  6a1-5) . The second case took place when a droplet, after deposition, reached the wetted area and proceeded to keep a constant wetted area, or the droplet inside the wetted area slowly receded and completed the evaporation process. Fig. 6b1-5 gives an example of the spread process of a droplet with MSO at the RC 1.50 on the waxy leaf. The droplet quickly spread to reach 0.63 mm 2 at 0s and then promptly slowed down only expanding to a wetted area of 0.67 mm 2 at 24s (Fig. 6b3) , the wetted area of 0.67 mm 2 then remained constant until the last picture at 180s. In this case, the time spent the spread process of a droplet constituted a small proportion of the total evaporation time of the droplet. The third and final case occurred when a droplet, after deposition, spread continuously until near or up to the moment when the droplet completely dried, as shown in Fig. 6c1-5 . In this case, the wetted area of a droplet with MSO placed on the hairy leaf at an RC of 1.50 was 0.52 mm 2 at 0 s, 1.68 mm 2 at 12 s, 3.54 mm 2 at 24 s, 4.69 mm 2 at 36 s and 6.24 mm 2 at 44 s after the droplet was deposited.
As indicated by the data in table 3, the T-WA of all droplets with COC at the RC range of 0.25-1.00 was zero on the waxy leaf, and the droplets spread according to the first case of the spread process that was described above. When the droplets containing MSO, NIS, or OSB (all three for the waxy leaf, just NIS for the hairy leaf) were used on the difficult to wet plants, the wetted area was reached in a relatively short time and then remained constant, or slowly receded the wetted area until evaporation was completed (see second case described above). The droplets with MSO or OSB continuously spread after deposition, even up to the moment of complete evaporation (the third case described above). For example, for this third case, the ratio between the T-WA of a droplet with NIS and its total evaporation time at an RC of 1.50 on the waxy and hairy leaves was 0.09 and 0.10 respectively. However, the data would then reach an even higher ratio of 0.98 and 1.00, for MSO and OSB at the same RC 1.50 for the hairy leaf.
Summary and Conclusions
The evaporation and wetted area of 500 µm droplets on the waxy and hairy leaves along with four classes of adjuvants (COC, MSO, NIS and OSB) at five concentrations were investigated in this study.
The wetted area, along with the evaporation time, of the droplets varied with the type and concentration of adjuvants used. The types of adjuvants used in the application of the droplets produced apparent differences in wetted area and evaporation time on the waxy and hairy leaves. For the waxy leaf, the wetted area of the droplet with COC was significantly lower than that of the MSO, NIS or OSB adjuvants. However, the evaporation time was significantly higher than that of any other adjuvant. The crucial differences in the wetted area and evaporation time with MSO, NIS and OSB were slight. The integrated index for the droplets with COC, which was calculated through an equation implementing the wetted area data and the evaporation time, was the lowest out of any other adjuvant at any RC, excluding OSB at the RC 0.25. For the hairy leaf, the droplets with COC were often held by the trichomes, consequently not reaching the epidermal surface of the leaf. The wetted areas with the adjuvants MSO or OSB were 9.2 and 6.1 times greater when compared to that of NIS at the same RC of 1.50. The greatest integrated index among five RC was 324 and 303 s·mm 2 for MSO and OSB, but it was only 90 s·mm 2 for NIS.
The effect of adjuvant concentration on the wetted area, along with the evaporation time and spread process varied greatly with the type of adjuvants and leaf surface. In general, the wetted area increased with the concentration, but the wetted area had a peak at a specific concentration for each adjuvant on either the waxy or the hairy leaf (excluding OSB on the hairy leaf). The differences in the wetted area and the evaporation time were small among all five RCs for any adjuvant on the waxy leaf. The greatest difference was only about 50% in the wetted area with OSB, and only 21% in the droplet evaporation time. However, on the hairy leaf there were significant differences in the wetted area (88%) and the evaporation time (55%) that followed for OSB, while these differences were 23% and 15% in wetted area and evaporation time, respectively, for NIS.
The droplets that contained MSO or OSB had great ability to spread quickly on the hairy leaf, starting from the deposition of a droplet and continuously spreading up to the moment of complete evaporation. This is most likely due to the fact that the two adjuvants (MSO and OSB) might have the ability to dilute or break through the waxes on the surface of the trichomes and leaf epidermis. Consequently this would help to enhance the spread and penetration of spray droplets.
This study clearly demonstrates the fact that the use of adjuvants could greatly improve the homogeneity of sprayed pesticides to increase the coverage area on target surface, resulting in reduced pesticide usage, leading to economic benefit to the farmer and reduced risk of contamination of the environment by pesticides. The means in a column followed by a different letter are significantly different (P<0.05). The means in a column followed by a different letter are significantly different (P<0.05). The means in a column followed by a different letter are significantly different (P<0.05).
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Figure1. A 500 µm water droplet on the surface of a waxy leaf (a), and on trichomes of a hairy leaf (b). Figure 2 . Experimental system to determine the droplet evaporation, and spreading on waxy or hairy leaf in an environment-controlled chamber Figure 3 . A 500 µm droplet with COC at the RC 2.00 suspended on the thichomes of the hairy leaf at 0s (a) and 240s (b) after deposition. 
